North American and European genotypes of PRRSV. 12 However, this method requires virus isolation from fresh or frozen tissues. In the field of diagnostic pathology, fresh or frozen tissue is not always available. Formalin fixation is the standard method for tissue preservation in veterinary pathology, and this material forms the major source of tissues for many studies. Therefore, the application of differential multiplex RT-PCR assay to formalin-fixed, paraffin-embedded tissue is desirable. This method would also be useful for performing retrospective studies because it detects RNA in formalin-fixed tissues that have been archived for more than 10 years. 23 However, successful use of formalin-fixed, paraffin-embedded tissues for PRRSV RT-PCR has not been reported. The objective for this study was to develop a protocol to distinguish between North American and European genotypes of PRRSV directly from formalin-fixed, paraffinembedded tissue using a multiplex RT-nested PCR (RTnPCR) assay as previously described. 12 Strain SNUVR970501 was isolated from a 200-sow herd in southwestern Kyounggi Province in Korea. 4, 6 This herd had severe pneumonia, systemic disease, and high mortality in pigs aged 3-16 weeks. Viral identification was confirmed by indirect immunofluorescence in infected porcine alveolar macrophages with monoclonal antibody SDOW17, which recognized a conserved epitope of the PRRSV nucleocapsid protein. 24 Lelystad virus was used as European PRRSV. a Thirty-six pigs derived by hysterectomy from 5 sows purchased from a PRRSV-free herd were used at 3 days of age. Pigs were randomly divided into 4 groups of 9 pigs each, and each group was randomly assigned to 1 of 4 treatments. The 4 treatments included intranasal inoculation with cell culture containing 1 of 2 viruses, SNUVR970501 or Lelystad virus, with both PRRSV SNUVR970501 and Lelystad virus, or with uninfected cell culture fluid.
The pigs in each of 3 groups were inoculated intranasally with 3 ml of tissue culture fluid containing 10 4 TCID 50 /ml of SNUVR970501, 3 ml of tissue culture fluid containing 10 4 TCID 50 /ml of Lelystad virus, or 3 ml of tissue culture fluid mixture containing 10 4 TCID 50 /ml of SNUVR970501 and Lelystad virus (1:1). Nine control pigs were exposed in the same manner to uninfected cell culture supernatant. Three pigs from each group were killed and necropsied at 3, 5, and 7 days postinoculation (DPI).
A total of 30 archived formalin-fixed, paraffin-embedded lung specimens from pigs naturally infected with PRRSV were selected on the basis of clinical signs, characteristic pathologic changes, and positive virus isolation. Eight archival tissues were 3 years old, 14 were 2 years old, and 8 were 1 year old. The PRRSV was isolated from all 30 fresh lungs corresponding to archival tissues and identified as North American genotypes. 4 Negative tissues were collected from an 1-day-old colostrum-deprived pig not exposed to any pathogens and from pigs that had been infected with porcine circovirus, porcine respiratory coronavirus, or Actinobacillus pleuropneumoniae. 1, 8, 22 To examine the effect of fixation time on the ability to detect PRRSV RNA by RT-nPCR, tissues from pigs experimentally infected with North American strain, European strain, or both North American and European strains were fixed for various times before embedding. At intervals (1, 30 , 45, 60, 90, 120, 150 days), a representative sample from each tissue was removed, processed, and embedded in paraffin by standard histologic procedures.
An additional 9 formalin-fixed lung samples corresponding to archived formalin-fixed, paraffin-embedded lung specimens from pigs naturally infected with PRRSV were also used to detect PRRSV nucleic acid by RT-nPCR. Three formalin-fixed tissues were 3 years old, 3 were 2 years old, and 3 were 1 year old.
Extraction of RNA from formalin-fixed, paraffin-embedded tissues was performed as previously described with slight modifications. 14, 16 For each pig, a 10-m-wide section was prepared from tissue blocks and excess paraffin was trimmed. Sections were placed in 1.5-ml sterile tubes. The microtome blade, tweezers, and other equipments that could come into contact with the samples were thoroughly cleaned before processing each tissue block.
To extract the RNA from the formalin-fixed, paraffin-embedded tissue, tissue sections were deparaffinized with xylene for 10 minutes and washed twice with ethanol to remove the solvent. Ethanol was allowed to evaporate under vacuum for 10 minutes. To isolate genomic RNA, 500 l of digestion buffer (50 mM Tris [pH 8.0], 50 mM ethylenediaminetetraacetic acid) containing 500 g/ml of proteinase K was added to the extracted dried samples. The resuspended tissues were incubated overnight at 50 C and then at 100 C for 8 minutes to inactivate the proteinase K. The digested samples were extracted 3 times using the standard phenolchloroform-isoamyl alchol (25:24:1) procedure and precipitated in ethanol to collect RNA.
The primers used predicted the amplification of a 186 base pair (bp) product for Lelystad virus (European genotype) and a 107 bp product for PRRSV SNUVR970501 (North American genotype). The PCR primers were designed on the basis of open reading frame 1b as previously described. 12 The outer forward (EU) and reverse (ED) primers were 5Ј-CCTCCTGTATGAACTTGC-3Ј (nucleotides 8628-8645) and 5Ј-AGGTCCTCGAACTTGAGCTG-3Ј (nucleotides 8863-8882), respectively. The nested forward (U1) and reverse (D1) primers for the European genotype were 5Ј-GTATGAACTTGCAGGATG-3Ј (nucleotides 8634-8651) and 5Ј-GCCGACAATACCATGTGCTG-3Ј (nucleotides 8800-8819), respectively. The nested forward (U2) and reverse (D2) primers for the North American genotype were 5Ј-GGCGCAGTGACTAAGAGA-3Ј (nucleotides 8713-8730) and 5Ј-GTAACTGAACACCATATGCTG-3Ј (nucleotides 8799-8819), respectively. Reverse transcription reaction and multiplex nPCR was performed as described previously. 5, 12 Lung, lymph node, thymus, tonsil, spleen, liver, kidney, heart, and intestine from each pig were used for virus isolation. MARC-145 cells and porcine alveolar macrophage (PAM) were used to isolate PRRSV from tissue suspensions as described previously. 4, 5 The sensitivity and specificity of PRRSV RT-nPCR were calculated from the data in Table 1 . The sensitivity was determined by dividing the number of PRRSV RT-nPCR-positive lungs by the number of PRRSV-inoculated pigs, i.e., 27/27 ϭ 100%. The specificity was determined by dividing the number of control samples that were negative for PRRSV RT-nPCR by the number of mock-infected control pigs, i.e., 9/9 ϭ 100%. Table 1 summarizes the tissues in which PRRSV nucleic acid was detected at each postinoculation day for each experimental treatment group. Tissues were fixed in formalin for 24 hours before embedment. Each specific primer pair for North American and European genotypes of PRRSV yielded an RT-nPCR product of the expected size from RNA extracted from formalin-fixed, paraffin-embedded tissues (Fig. 1) . The PRRSV nucleic acid was detected in 9/9, 9/9, and 9/9 of lung, mediastinal lymph node, tonsil, and liver samples from pigs inoculated with North American strain, European strain, and both strains, respectively. In the spleen and intestine, 9/9, 9/9, and 7/9 pigs were positive by RTnPCR for North American strain, European strain, and both strains, respectively. The PRRSV nucleic acid was detected in the thymus (9/9, 7/9), kidney (8/9, 7/9), and heart (6/9, 7/9) from the North American strain-and European straininoculated pigs, respectively. In pigs inoculated with both strains, North American and European strains were detected in thymus (8/9, 9/9), kidney (7/9, 8/9), and heart (7/9, 7/9) by RT-PCR. Nine RT-nPCR products from lungs from each postinoculation day were sequenced, and their identity was confirmed as PRRSV in all 3 treatment groups (data not shown). The PRRSV nucleic acid was not detected in any tissues tested from control pigs.
The PRRSV was isolated from lung, lymph node, and tonsil from pigs inoculated with North American strain, European strain, and both strains. The PRRSV was isolated from spleen (8/9, 9/9), thymus (8/9, 7/9), kidney (7/9, 7/9), intestine (8/9, 8/9), liver (8/9, 8/9), and heart (5/9, 7/9) from the North American strain-and European strain-inoculated pigs, respectively. In pigs inoculated with both strains, North American and European strains were isolated in spleen (6/ 9, 7/9), thymus (8/9, 9/9), kidney (6/9, 6/9), intestine (7/9, 7/9), liver (8/9, 9/9), and heart (7/9, 6/9). The PRRSV was not recovered from any control pigs.
All 30 archival formalin-fixed, paraffin-embedded lung tissues were positive for PRRSV products as detected by RTnPCR amplification and gave a pattern that corresponded to the North American genotype. No pattern consistent with the European genotype was detected from the 30 archival tissues tested. Six RT-nPCR products from each case were sequenced, and their identity was confirmed as PRRSV (data not shown).
To determine whether prolonged fixation of tissues in formalin affected the functionality of the mutiplex RT-nPCR, 252 tissue samples from 9 pigs inoculated with North American strain virus, European strain virus, and both viral strains were examined following fixation for 1-150 days and subsequent embedment. The PRRSV nucleic acid was detected in 234 (92.9%) out of 252 fixed tissues. Acceptable PCR signals were detected from all tissues fixed for periods up to 60 days. Thereafter, the number yielding positive signals declined. By 150 days in formalin, positive signals were detected from 27 of 36 blocks (75%). However, PRRSV nucleic acid was consistently detected and differentiated from lungs fixed for periods up to 150 days in all 9 pigs inoculated Table 2 . Effect of fixation time on the detection of porcine reproductive and respiratory syndrome virus (PRRSV) by multiplex reverse transcription-nested polymerase chain reaction (RT-nPCR). with North American strain virus, European strain virus, and both viral strains (Table 2 ). Among the 10 archival formalinfixed lung tissues from pigs naturally infected with PRRSV, PRRSV nucleic acid was detected in 3/3 of 1-year-old tissues, 1/3 of 2-year-old tissues, and 1/3 of 3-year-old tissues.
In this study, a sensitive and reproducible method was developed for the differentiation between North American and European genotypes of PRRSV in formalin-fixed, paraffinembedded tissues by RT-nPCR. The ability to amplify specific regions of RNA from formalin-fixed, paraffin-embedded tissue by RT-PCR has a profound impact on diagnostic pathology. This technique allowed pathologists to better correlate histopathologic changes in tissues with viruse genotype. Prior to this study, the differentiation of the two genotypes of PRRSV using RT-PCR had always been done on fresh tissue. 4, 12 Only the North American genotype of PRRSV was detected in all 30 formalin-fixed, paraffin-embedded tissues from pigs naturally infected with PRRSV. These data were in general agreement with those of a previous study. 4 The development of diagnostic tools that cannot only detect all PRRSV isolates in samples but also differentiate between two genotypes of PRRSV would be of significant importance in epidemiologic survey programs. North American strains of PRRSV grow relatively well in MARC-145 cells. 2, 19 However, European strains of PRRSV grow more readily in primary alveolar macrophages. 2, 19 Many laboratories in Korea and North America use only MARC-145 cells because of the relative difficulty of establishing primary alveolar macrophages for cell culture for routine virus isolation; hence, there is a potential for failure of virus isolation using a single cell line. Therefore, the development of a tool to detect and distinguish between 2 genotypes of PRRSV in formain-fixed tissues is most pertinent since formalin fixation is the standard method for tissue preservation in veterinary and human medicine. This technique will allow veterinary practitioners to ship tissue samples for PRRSV identification in a well-preserved, noninfectious state.
In the RNA extraction method used in this study, DNase was not used for purification of RNA, so there undoubtedly was some DNA contamination. However, the problem of false-positive results due to the contamination of DNA was solved by using 2 separate rooms to do the 2 major phases of the RT-PCR step, i.e., preparation and amplification. Furthermore, no bands were detected in any of the cases in which reverse transcriptase was excluded or RNase treatment was performed (data not shown).
In conclusion, RNA from formalin-fixed, paraffin-embedded tissues is variably damaged during tissue processing but can be reliably amplified if extracted in an appropriate manner. The optimized protocol allows us to extend molecular analyses to ever smaller amounts of archival tissue, such as microdissected samples. This study has extended the possibility of using archival tissues for large-scale molecular epidemiologic studies of PRRSV infection.
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